INTRODUCTION
A linear signalling process is characterized by the property that the combined effect of two or more elementary signalling events results in a response which is given by the sum of the individual responses. In Ca++ signalling, nonlinear summation of signals both in space and in time seems to be the rule. Prominent examples are the higher order effects of [Ca++] changes on secretory processes [1,2], and complex wave-like or oscillatory Ca++ -signailing events, which are indicative of nonlinear interactions between the processes that shape Ca++ signals [3-51. These complex phenomena definitely are the most interesting ones with respect to the biological role of Ca++ signals. Nevertheless, it is important to analyse the properties of very small Ca++ signals, where linear approximations are expected to hold. This may provide insight into some elementary features of these signals. In this article I will briefly summarize some published results on the 'Single Compartment Linear Model' which give insight into the role of cellular Ca++ buffers, both endogenous ones and of those buffers used as experimental tools in an experiment. I will also summarize effects of Ca++ buffers on diffusion of Ca++ inside cells in the so-called 'Rapid Buffer Approximation' and I will point out some consequences of a linear approximation to the problem of Ca++ microdomains around open channels. In all these cases it will become apparent that we do not know many of the most elementary cellular parameters, which govern the dynamics of Ca++ signals within the most simple contexts.
THE SINGLE COMPARTMENT MODEL
This model considers a given cell, or a subregion of a cell of interest as a compartment within which [Ca++] is diffusionally equilibrated (no spatial gradients!) and within which ]Ca++] is at chemical equilibrium with all its buffers. Here, and in the remainder of this article the use of the word 'buffer' is restricted to chemical species which act as ligands for Ca++ and for which the Ca++ bound form achieves a relatively rapid equilibrium with free Ca++ in the sense of chemical kinetics. The 'Single Compartment Model' typically describes the decay of the Ca++ signal in a small cell following a short episode of Ca++ influx, such as during an action potential. For small signals of this kind, the decay is governed by the combined action of Ca++ pumps and other mechanisms which transport Ca ++ across both the plasma membrane and into cellular Ca++ storage organelles [6-S]. It will also be governed by the so called Ca++-binding ratio K~ of cellular Ca++ buffers [7, 9] which is defined as the differential ratio the concentration of Ca++ bound to buffers over free [Ca++] .
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If the buffering effect of all cellular buffers is combined and if it can be expressed in terms of one hypothetical Ca++ -binding &and, which can exist in its free form with concentration [S] and in Ca++ -bound form with concentration [CaS], then we can write according to the law of mass action:
(1) where S, is the total concentration of buffer and q,s is its dissociation constant. It is seen that at low [Ca++] , the Ca++ -binding ratio is given by the ratio of total buffer concentration S, over its dissociation constant &,s. When [Ca++] approaches I$,, the Ca-binding ratio is diminished owing to saturation of the buffer. The 'linear approximation' of the single compartment model lies in the assumption that [Ca++] changes to be studied are small enough, such that K~ can be considered as constant. This holds for [Ca++] changes which are small relative to basal [Ca++] . It also holds for larger deviations in the case of low affinity buffers, i.e. if [Ca++] << K,, s. A further assumption on linearity regards the Ca-pumps, leaks and other transport mechanisms, the combined effects of which are assumed to produce a net Ca++ flux which is proportional to the deviation from steady state.
An analysis of the kinetics of [Ca++] signals within the linear approximation [6-8,101 displayed the following features:
1. A deviation of [Ca++] from baseline following a short disturbance decays exponentially. 2. The steady state baseline is not influenced by the presence of buffers, because it constitutes a balance of passive Ca ++ -fluxes across membranes and active pumping mechanisms. 3. The time constant of decay is slowed down by the presence of buffers in proportion to the total Ca++ -binding ratio K of buffers. This can be understood on the basis that Ca++ bound to buffers (but in equilibrium with free Ca++) is not available for pumps while it is bound to buffers. Nevertheless, all Ca++, having entered the cell during a stimulus, will have to leave the cell for reestablishment of the steady state. 4. The initial amplitude of the transient (for a constant bolus of influx AQc3 will be inversely proportional to the total Ca++ -binding ratio K, since the buffer has to be loaded in proportion to free Ca++. It will be given by
where F is the Faraday and v is the accessible volume of the cell. The above results (3 and 4) combined lead to the prediction that the product of amplitude A and time constant 7 of a Ca++ transient -which is equal to the time [32, 33] . Extensive simulations by Roberts [34] have shown that size and extent of domains around clusters of channels are strongly influenced by the presence of mobile Ca++ buffers. Thus, it is mandatory not to neglect mobile buffers in such studies. Numerical simulations, however, can only give 'snapshots' regarding the resulting [Ca++] for a particular combination of model parameters and for a particular geometry. The number of model parameters is quite large (diffusion coefficients, rate constants, and concentrations for 2 or 3 buffers; diffusion coefficient of Ca++; parameters describing pumping; geometric parameters etc.) and very few of the relevant parameters are known 135,361 such that a series of such snapshots not necessarily provides insights into the underlying physical mechanisms. Attempts have therefore been made to derive analytical solutions for some limiting cases [37, 38] , again resulting in linear approximations. The particular advantage of such linear equations is that solutions for single microdomains can be superimposed to derive solutions for clusters of channels [39] . In the following some simplified approximations are described with an emphasis on the effects of mobile buffers. Immobile buffers have no influence on the steady state distribution of free Ca++ and mobile buffers. They are therefore neglected in these considerations, which are supposed to apply to events in the immediate vicinity of channels, where steady state gradients build up and collapse very rapidly.
Valuable insights came from considering the most extreme case, namely Ca++ diffusion from a point source (channel) embedded in a membrane surrounded by high mobile buffer concentration. In that case, it is reasonable to assume that the concentration of free buffer does not change very much in the vicinity of a channel, since buffer molecules taking up Ca++ will rapidly be diffusionally replaced by free buffer molecules. In fact, a simple calculation by Roberts [34] shows that for a buffer with a diffusion coefficient similar to that of Ca++ the decrement in free buffer is approximately equal to the decrement in [Ca++] which the buffer induces (with respect to the case of unbuffered diffusion). If, then, unbuffered [Ca++] is 100 PM and free buffer concentration is 1 n&I, the relative change in free buffer concentration cannot be larger than 10% (since the decrement in [Ca++] cannot be more than 100 @I). In that case, however, the differential equations describing the spatial distribution of Here, ica is the Ca++ current of a single channel, which is assumed to be embedded in a planar membrane. D,= is the diffusion coefficient of free calcium, F is the Faraday constant, and L is a length constant given by: (7) I= Ilo,do with ken and [B]" representing the rate constant of Ca++ -binding to the buffer the concentration of free buffer, respectively. The latter is related to total buffer B, by the equilibrium expression:
The individual terms in equation 6 carry specific physical meaning. The first term (before the exponential function) is the solution for unbuffered diffusion. It represents the 'geometric' aspect of radial diffusion from a point source. The exponential term represents the effect of buffering, with the length constant 1, representing the mean distance that a Ca++ ion diffuses, before it is captured by a buffer molecule. h can also be seen as the range of a 'nonequilibrium' domain within which Ca++ is not at equilibrium with the buffer.
Pape et al. [40] showed that an equation quite similar to equation 6 also holds, when the concentration of free buffer in the vicinity of channels is allowed to vary where ai and hi are amplitude parameters and length constants, derived from a matrix in analogy to classical chemical kinetics (see Appendix). The sums extend over as many terms as there are mobile buffer species. Other symbols are used as in equation 4. It is noteworthy that kinetic parameters of the buffering reaction only occur in the exponential terms, whereas the first, term (which is the only one relevant for r>>&) depends exclusively on diffusion coefficients and on the equilibrium Ca++ -binding ratios K~ This is, because for r>>?+ the buffering reaction is at equilibrium. Conversely, the region within which r I h, can be considered a non-equilibrium zone. Within this zone Ca++ ions are first (at very short distances from the channel) present as free ions. They are, then, preferentially captured by the fastest buffer and subsequently handed over to slower buffers, as they diffuse further away from the source -the more so, the higher the affinity of slow buffers [42] . Once equilibrium among all mobile buffer species has been obtained (for r >> h,) A[Ca++] decays according to the l/r diffusion law (see Appendix for more details on the cases of one and two buffer species). It should be appreciated that within the domain chemical non-equilibrium pertains in a steady state situation (as long as the channel is open), with free buffer molecules and Ca++-loaded buffer molecules diffusing against each other. The distinction between a zone of chemical nonequilibrium (governed by reaction rates and diffusion coefficients) and a purely geometric microdomain (governed by the l/r law, diffusion coefficients, and equilibrium binding properties of buffers) subdivides the process of buffered diffusion into two regimes with quite unique properties. Thus, the collapse of the nonequilibrium part of the microdomain may happen within microseconds, if fast buffers are involved whereas diffusional transport may happen on a much slower time scale.
SUPERPOSITION OF MICRODOMAINS
As mentioned above, one of the advantages of the approach described here is the well known fact that linear combinations of solutions to a system of linear differential equations again are solutions to these equations. Thus, it is straigtforward to superimpose microdomains originating from several channels and to calculate the resulting summed response. This has recently been applied by Pape et al. [39] With this precaution in mind let us consider the situation of a release site attached to one specific channel (located at distance rJ and embedded in a cluster of many other channels, as depicted in Figure 1A .
B Fig. 1 The geometric arrangements assumed for the derivation of equations 1 O-21. In part A a central release site p) with its 'own' channel (0) at distance r0 is surrounded by randomly placed other channels.
All channels are assumed to be identical, irrespective of whether they are attached to a release site or not. The radius r, is that of a circular disc, the area of which is equal to the mean area per channel.
The radius r, is that of the patch of channels as a whole. The geometry depicted is likely to hold for patch-like active zones. Active zones with linear arrays of channels, as are found in amphibian neuromuscular end plates, are approximated by a geometry as depicted in part B. Here, r, again is the distance between a given release site and its own channel, whereas r, is the half distance between two channels.
The total Ca++ increment A[Ca] for such a geometry can be written as the sum of the contributions (equ. 6) from all channels (see also Pape et al. [39] 
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Here, the contribution from the channel linked to the release site (at distance rO) is written separately, because we will be interested in the relative contribution of this channel. To(t) and T,(t) are time functions switching between zero and 1 during 100 to 200 ps if r, are sufficiently short 1321. They represent the opening and closing of channels o and v, respectively. We will be interested in the ensemble average A[Ca(t)] over many release sites. Since we assume all channels to be identical, to be voltage-dependent, and to experience the same voltage time course, the individual functions T,(t) can be replaced by their ensemble average, which is the time dependent open probability P,,(t). For weak buffering, when li > 50 nm the approximations used here may not hold. In that case the contribution from the more remote channels can be calculated according to the procedures described by Pape et al. [39] . In the following equation 11 will be simplified for the specific geometries depicted in Figure 1 . Part A shows the case where the release site is imbedded in a cluster of channels. Note, that in this figure and in the following discussion the quantities rl and rZ are not the same as quantities r, of equations 10 and 11. Assuming that rl is substantiallly larger than r0 we can approximate the sum in equation 11 by an integral and obtain
The integration starts at a radius r1 which is chosen such that the area of a disc of radius rl is equal to the average area per channel: For the case of the linear channel array, as depicted in Figure IB , the sum of equation 11 can be written as:
For rl>ro and a channel array much longer than h, the sum in equation I5 can be evaluated to yield:
In the following discussion it will be assumed that the distance between channels is large compared to r,, the separation between a release site and its 'linked' channel, and that the size of the channel cluster is large compared to h (r2 >> A). It will be discussed under what conditions the first terms of equations 14 and 16 (representing the single channel domain) will dominate over the influence of the surround and vice versa.
In the extreme 'case that distances between channels are large compared to the space constant h of the buffer reaction (or else if the range of action of a channel is abrogated by buffering) the second terms of equations 14 and 16 will be smaller than the first one (given that r &) As a consequence release in this case will be exclusively regulated by a single channel. For rO<h the calcium concentration relevant for secretion will only depend on single channel properties and DCa, but not at all on the presence or absence of buffers. Only at very high buffer concentrations, when h is very short and comparable to r0 will secretion be influenced by buffering.
A more interesting case is, when distances between channels are smaller than a. Assuming that r,< 2 and r2 > 2, the exponential terms in equations 14 and 16 can be approximated by 1. For the patch-like geometry the condition for single channel domain dominance is then:
Likewise, for the linear array and tir, the condition for single channel dominance is:
The buffer length constant h depends on the concentration and on the Ca++ -binding rate of buffers. For a given geometry, h will be the decisive quantity regarding the dominance of either the single channel domain or the surround. 2 ) that these equations represent a good approximation, when the buffer product of the endogenous buffer is as high as inferred from the squid data.
Adler et al. [53, 54] analyzed synaptic transmission at the squid giant synapse, after injection of Ca-buffers. Transmission was suppressed for most of the buffers they used, shortly after injection. From the degree of reduction, and by estimating the time course of buffer concentration they derived relationships between relative transmission strength and the concentration of EGTA, BAPTA and the BAPTA-derivatives dimethyl BAPTA (DMB) and dibromo BAPTA (DBB). They emphasized, that EGTA was completely ineffective in suppressing transmission (up to 80 n&I) owing to its slow Ca-binding rate. The curve for EGTA (totally ineffective owing to a low binding rate) is given for comparison.
Resting [Ca'+] was assumed to be 0.1 FM; the distance between a release site and 'its' channel, rO, was assumed to be 6 nm, the radius r, was assumed to be 22 nm. To simulate these data with equation 22 a resting Ca++ concentration [Ca++lr of 100 nM and a fourth power law (n = 4) was assumed. Furthermore, it was assumed that rz >> 3L. Results are shown in Figure 2 . Most parameters on buffers for this simulation were taken from 1531 (see legend to Fig. 2) . However, the Ca++ -binding rate of DBB had to be increased with respect to that of both BAPTA and DMB, in order to reproduce the marked difference between DBB and all other buffers. Note that, as in the experiments, EGTA is completely ineffective in suppressing secretion due to its low Ca++ -binding rate. For these calculations, the parameter r1 was chosen to be 22 nm (consistent with 40 nm spacing in a square array of channels, as used by Smith and Augustine [55] ). r, was taken to be 6 nm, 1.5 times the radius of the particles, believed to represent Ca++ channels in freeze-fracture micrographs [44] . This implies that the Ca++ sensor of the release site would have to be quite close to the edge of the channel protein. It can be concluded that the differences in effectiveness of EGTA and BAPTA derivatives on synaptic transmission at the squid giant synapse can be accounted for by differences in the Ca++ -binding rates and by differences in the degree of buffer saturation at resting [Ca++] . It should be noted, however, that the very low effectiveness of EGTA at this synapse is an exception. At another synapse it was found [56] that EGTA is less effective than BAPTA, but only by about a factor of 10 (concentration-wise). The simple linear theory, in contrast, predicts a factor of more than 100, since it is only the buffer product (Izo,, . B") by which a buffer is represented 142,571. This indicates that one or several of the assumptions which underly the linear theory are violated in these cases. Most likely the assumption of moderate buffer saturation and the assumption of instantaneous establishment of the steady state value for A[Ca++] do not hold. The latter is quite likely to be invalid for low endogenous buffer concentrations and correspondingly large buffer length constants. However, other kinetic limitations should also be considered. IYI skeletal muscle, for instance, it was inferred that the apparent association rate of fura-(a BAPTA-like compound) was only 28 times that of EGTA [58] .
The example of the squid giant synapse and this simulation demonstrates that for reasonable geometries the Ca++ signal at the release site need not be completely dominated by a single channel, even if the release site is molecularly linked to that channel. The combined activity of surrounding channels may well contribute significantly, if average channel density is higher than assumed here (approximately 660 channels per um2) or else the concentration of mobile buffers is lower. This conclusion is in line with several recent experimental studies, where the role of remote channels or of multiple channel types was probed pharmacologically [59-631 or by adding Ca++ buffers [56, 64] . On the other hand, it is well conceivable, that in cells with tighter coupling a single channel can elicit release [65-671.
Ca++ BUFFERS AND SHORT TERM FACILITATION
The shortest form of synaptic plasticity, also called paired-pulse facilitation, traditionally has been associated with residual calcium [68-711. However, not all its properties could be explained by earlier models of Ca++ buffering and diffusion (reviewed by Zucker [72] ). The scheme presented here allows a new look at this problem, since for the different time regimes, discussed above, quite different predictions regarding synaptic transmission are derived. The basic concept of residual calcium and its role in facilitation rests on the assumption, that a first action potential leads to elevated [Ca++] , which rapidly equilibrates diffusionally in the nerve terminal (within 10 ms in a terminal of pm dimensions) and then decays within several 100 ms, owing to Ca++ retrieval by Ca++ pumps and possibly Na+-Ca++-exchangers. If a second action potential is elicited within this period, its Ca++ increase will build on top of the 'residual Ca++' and therefore reach a higher peak, causing more release. Some of the earler criticism to this concept assumed that residual calcium and new calcium superimposed additively and it was argued that the small increment in basal calcium does not really matter, when peak [Ca++] is orders of magnitude higher (see 1521 for review). A particular dilemma of previous models was, that the Ca++ time course on the one hand is required to decay fast enough for a sufficiently short release episode. On the other hand, the late phases of decay are required to be slow enough for residual calcium to be effective at the time of a second stimulus, lo-100 ms later [73] .
Within the scheme presented here a new option is provided for solving this dilemma. Two kinetic regimes can be distinguished in the decay of A[Ca++] following a stimulus. One phase of decay represents the collapse of the nonequilibrium Ca++ domain, the period during which free Ca++ and its buffers reequilibrate (see above). It Its amplitude is more than sufficient to stop the release process. In fact, in the analysis presented so far any other kinetic components were neglected, owing to the assumptions that buffer does not significantly saturate within the short time of a release episode and that the Ca++ sensor is so low in affinity that basal [Ca++] is negligible. The second phase represents some local depletion of free buffer, which does occur if saturable buffers are involved. Its decay is governed by diffusional re-equilibration of buffers and follows the laws of the 'Rapid Buffer Approximation! This process depends on the diffusion coefficients of buffers, on Ca++-binding constants, and on the spatial extent of the depletion domain. Saturation effects accumulate, if single channel domains overlap. Regions of elevated [Ca++] may then be much larger than single channel domains and their decay is slower [34] . In previous modelling work, the possibilities of this two-phase decay were not sufficiently explored in the context of describing paired-pulse facilitation. Yamada and Zucker [33] who did point out that models become more realistic if kinetic effects of buffers were considered, used a very high buffer dissociation constant, such that they could not take advantage of buffer saturation for modelling longlasting effects.
If global [Ca++] in a nerve terminal is elevated at the time of a second action potential during paired pulse stimulation, the concentration of free buffer will be smaller and, accordingly, A[Ca++] during the second action potential will be larger owing to a larger h. To illustrate this effect A[Ca++] is calculated in Figure 3 for the case of the control parameters of the squid axon simulation, now assuming that the endogenous buffer is saturable and, at 100 nM [Ca++] , has a buffer product of 3.5. 105, as used in the simulations above. Here, the more general equations which allow partial buffer saturation are used, as given in the Appendix. In Figure 3 Figure 1 was calculated, assuming a single species of endogenous buffer with a dissociation constant of either 20 nM, 100 nM, or 500 nM. For each curve total endogenous buffer concentration was adjusted such that the buffer product at 100 nM [Ca++] was 3.5 1 OW; rO, the distance of the linked channel was assumed to be 6 nm (as in the case of Fig. 2) . r,, the halfdistance between other channels was assumed to be 15 nm, shorter than in Figure 2 , such that the contribution of the surround is about equal in magnitude to that of the linked channel. 
APPENDIX
A linear effector process is not influenced by the presence of buffers:
Assume that some product P of a Ca++-dependent reaction is generated with a rate constant which depends linearly on [Ca++] (Al) $ = k, 9 [&I++] Here, k, is supposed to be an apparent first order rate constant, which depends on the concentrations of other partners participating in the reaction (which are assumed to be constant).
Integrating ( If A4 is evaluated for a time interval which starts before a stimulus, where both [Ca++ (t,)] and [ByCa (t,)] are at their resting values and which is long enough, such that these concentrations have returned to their resting value at time t,, then the terms on the left side in A4 cancel and we obtain: The purpose of this paragraph is to give the equations of Pape et al. [40] and Naraghi and Neher 1421 in the notation, as used in this article, where results are discussed in terms of diffusion coefficients for calcium (DcJ and Ca++ -carrying species (Dcasi for buffer i) and buffer products koni [BIDi -the products of Ca++ binding rate and free concentration of a given buffer. The buffer products will be denoted pi for convenience. For the case of one buffer the sums in equation 9 have just one term, where: (A7) 1, = do,, / (P, + P, &a / @,a,, 5))
The concentration of the Ca++ -bound form of mobile buffer is given by [40, 42] This shows that the increment in [CaB] is finite and is given by the value which is obtained by back-extrapolation of the equilibrium solution of A[Cal3] (at r>>h,) to r = IL, (see Fig. 5 ).
